Hydraulic machinery with high performance is of great significance for energy saving. Its design is a very challenging job for designers, and the inverse design method is a competitive way to do the job. The three-dimensional inverse design method and its applications to hydraulic machinery are herein reviewed. The flow is calculated based on potential flow theory, and the blade shape is calculated based on flow-tangency condition according to the calculated flow velocity. We also explain flow control theory by suppression of secondary flow and cavitation based on careful tailoring of the blade loading distribution and stacking condition in the inverse design of hydraulic machinery. Suggestions about the main challenge and future prospective of the inverse design method are given. design quality significantly. Zangeneh [6, 7] and Borges [8] developed a three-dimensional IDM based on potential flow theory. The three-dimensional flow field is calculated in a two-dimensional meridional channel by Fourier expansion of the periodic velocity potential function in a tangential direction. The blade shape is calculated based on the flow-tangency condition at the blade surfaces. The method is efficient and robust and is widely used in different turbomachinery such as pumps [9] [10] [11] [12] , turbines [13, 14] , compressors [15] [16] [17] , diffusers [18] [19] [20] , inducers [21, 22] , and so on. The flow calculation approach in this three-dimensional IDM is based on potential flow theory without viscosity. However, the viscous effects can be introduced by considering some parameters such as blockage distribution or vorticity terms related to fluid viscosity in an interactive way [23] .
Introduction
Hydraulic machinery such as pumps, turbines, and reversible turbines is one of the most important pieces of mechanical equipment for energy conversion. It plays an important role in both industry and our daily life. With the development of economy and society, hydraulic machinery with higher performance is in need by the population, and it is essential for energy saving to further improve the performance of hydraulic machinery, such as increasing efficiency, expanding operating range, and improving stability performance, which is indeed a challenging task for designers due to its flow complexity and multi-objective performance requirements. The design of hydraulic machinery is an inverse problem for which the geometry is designed to meet the performance requirements (or prescribed flow field parameters). The inverse design method (IDM) of hydraulic machinery mainly consists of two parts: One part is the calculation of the flow field; and the other part is calculating the geometry of the blade. It is an iterative process in which the blade geometry is determined according to the calculated flow field. The hydrodynamic performance approaches the prescribed one during the iterative process, and a design result can be achieved when the process converges. Different from conventional design method, which treats geometrical parameters as design variables, the IDM puts hydrodynamic parameters such as pressure distribution and blade loading as the main design variables, and these have a more direct control over the hydraulic performances.
The reliability of the flow field calculation in inverse design is important for the design result of hydraulic machinery. It is known that the real flow in hydraulic machinery is a fully three-dimensional turbulence flow with rotation and curvature. In the early stages, the IDM was mainly based on two-dimensional inviscid flow calculation, and its application was limited due to strict flow simplifications [1, 2] . Then, the IDM developed from two-dimensional to quasi three-dimensional [3, 4] , based on the S1/S2 surface flow calculation theory established by Wu [5] , which improves the 
Flow Calculation Based on Potential Theory
A widely used three-dimensional IDM based on potential flow theory for hydraulic machinery is reviewed here. The method was first established by Hawthorne [1, 2] for two-dimensional cascade design, then it was extended to three-dimensional cases developed by Zangeneh [6, 7] and Borges [8] . In this method, the flow is calculated based on potential flow theory, and the blade geometry is calculated based on the flow tangential condition at the blade surfaces. The basic assumptions of the three-dimensional IDM are that (1) the flow is steady and the incoming flow is uniform and irrotational, (2) the blade has zero thickness and can be represented by a single vortex, (3) the blockage effect is considered by introducing a blockage coefficient, and (4) the flow is incompressible and inviscid.
In the flow calculation of the three-dimensional IDM, the velocity is decomposed to a circumferentially-averaged velocity and a periodic velocity, which are calculated separately. In the rotating frame of the impeller, the relative velocity W can be expressed as ( , ) ( , , ) r z r z
where V and W are the circumferentially-averaged absolute velocity vector and the circumferentially-averaged relative velocity vector, respectively; v is periodic velocity vector; ω is rotational speed of the impeller; and r, θ, and z are the radial, tangential, and axial coordinates of the cylindrical coordinate system, respectively. 
In the flow calculation of the three-dimensional IDM, the velocity is decomposed to a circumferentially-averaged velocity and a periodic velocity, which are calculated separately. In the rotating frame of the impeller, the relative velocity W can be expressed as
where V and W are the circumferentially-averaged absolute velocity vector and the circumferentially-averaged relative velocity vector, respectively; v is periodic velocity vector; ω is rotational speed of the impeller; and r, θ, and z are the radial, tangential, and axial coordinates of the cylindrical coordinate system, respectively.
Calculation of Circumferentially-Averaged Velocity
For incompressible steady flow, the continuum equation can be expressed as where V is the absolute velocity vector.
Considering the blockage effect of the blade, the circumferentially-averaged absolute velocity V satisfies the equation
where B f is a blockage coefficient, which is defined as
where t θ is the tangential thickness of the blade. A stream function ϕ(r, z) can be defined based on Equation (3) to satisfy
where V r and V z are the radial and axial components of the circumferentially-averaged absolute velocity, respectively. According to the assumption in Equation (2), the circumferentially-averaged vorticity vector can be expressed as
where Ω is the circumferentially-averaged vorticity vector, rV θ is the circumferentially-averaged velocity circulation, and α represents the blade surfaces. The tangential component of the circumferentially-averaged vorticity vector can be expressed as
where e θ is the unit vector of the tangential coordinate. Substituting Equations (5) and (6) into Equation (7), we can obtain ∂ ∂r
The boundary conditions for Equation (8) are ϕ = constant at walls and − 1 r ∂Ψ ∂s = V ∞ · n at both the upstream and downstream boundaries, where s is the distance along the boundaries, n is the unit vector perpendicular to the boundaries, and V ∞ is the circumferentially-averaged velocity vector at the boundaries.
Calculation of Periodic Velocity
Based on the Clebsh expression, the periodic velocity can be decomposed to potential and rotational parts as follows:
where Φ(r, θ, z) is the potential function of the periodic velocity, and S(α) is a periodic sawtooth function, which can be expressed as
where B is the blade number. The periodic velocity also satisfies the continuum equation
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By substituting Equations (9) and (10) into Equation (11), we can get
Since the flow has periodic characteristics, the potential function Φ(r, θ, z) can be expanded as a Fourier series in the tangential direction:
Substituting Equation (13) into Equation (12), we can get
The boundary conditions for Equation (14) are Φ m = 0 at both the upstream and downstream boundaries, and ∂Φ m ∂n = ∂rV θ ∂n e −imB f (r,z) imB at endwalls.
Blade Geometry Calculation Based on Flow Tangential Condition
Blade geometry is calculated based on the inviscid slip condition at the blade walls with zero velocity component normal to the walls. This flow-tangency condition can be expressed as
where α represents the blade surfaces and ∇α denotes a vector perpendicular to the blade surface, and W bl is the relative velocity vector at blade surfaces. Expanding Equation (15), we can get
where f is the wrap angle of the blade, and V and v are the circumferentially-averaged velocity and periodic velocity respectively. Equation (16) can be integrated along streamlines in the meridional channel to calculate the blade geometry. Some initial conditions on the wrap angle, called the blade stacking condition, must be prescribed to complete the integration of Equation (16) . This blade calculation approach based on inviscid flow-tangency condition is widely used in the inviscid IDM and it can also be applied to viscous flow case by using the transpiration technique [41, 42] , in which the blade geometry is updated based on the calculated normal and tangential velocity according to mass conversion. Equations (8) , (14) , and (16) constitute the closed equations of the three-dimensional IDM, and the blade geometry is calculated in an iterate way.
Convergency of the Inverse Design Method
It should be noted that, in the present IDM, the blade is represented by a series of vortices. Based on this assumption, if the blades are not perpendicular to the endwalls, the vortex sheet, which represents the blade, will result in infinite velocity induced by the vortex system. To avoid this type of velocity singularity, it is necessary to set the normal gradient of both the circumferentially-averaged velocity circulation rV θ and the wrap angle f to zero at the endwalls. As a result, the boundary condition for the potential function Φ m at the endwalls should be changed to a zero gradient along the normal direction of the endwalls. This condition is an essential one for the convergency of the present IDM. Another expression of Equation (15) can be written as
where V s is the meridional velocity. It can be seen from Equation (17) that when the radius and meridional velocity is small, which is usually the case along the hub streamline, the denominator on the right side of the Equation (17) is very small, resulting in an unacceptably large value of the wrap angle. In this case, the convergency problem is inevitable; however, it can be solved by carefully setting a V θ -distribution that closely follows the peripheral speed of the blade. In other words, the specified blade loading distribution should match the meridional channel reasonably to avoid the convergency problem or highly-twisted blade geometry. The time cost of the IDM depends on both the convergency and the flow calculation approach since it is an iterative process. The convergency of the process depends on the compatibility between the flow calculation part and the blade geometry calculation part in the method. Usually, it is more efficient and robust for the IDM to use inviscid flow calculation approaches, which computes fast and are more compatible with the blade shape calculation based on flow-tangency conditions. For viscous design problems, it usually takes more time since both the flow calculation and blade geometry calculation are more sophisticated, and viscous no slip condition cannot be used directly for blade geometry calculations.
Main Input Design Parameters
One of the most important input design parameters for the IDM is the blade loading distribution. The pressure distribution has a close relationship with the blade loading distribution. This relationship can be derived based on potential flow theory as
where ∆p is the static pressure difference between the pressure and suction surface of the blade; p + and p − are the pressure at the pressure surface and suction surface, respectively; ρ is fluid density; W bl is the relative velocity at the blade surface; r is the radial coordinate of a cylindrical coordinate system; V θ is the circumferentially-averaged tangential velocity; and s is the meridional distance in the meridional channel. In some design methods, the blade loading is defined as ∆p, and in some other ones, the meridional derivative of velocity circulation, namely ∂rV θ /∂s in Equation (18), is defined as the blade loading. Hereafter in the present paper, we apply the latter one as the definition of blade loading for uniformity. The blade loading distribution is a key factor for the inverse design, and by tailoring the blade loading distribution, the blade hydrodynamic performance can be controlled in a more direct way than tailoring the geometrical parameters. This is one of the most important advantages of the IDM compared with the conventional design method, which mainly deals with the geometrical parameters. As aforementioned, an initial value of the wrap angle f should be specified along a spanwise line in the meridional channel between the hub and shroud for the integration of the blade shape based on Equation (16) . This initial wrap angle value is called the blade stacking condition. If the wrap angle values are set to be the same along a spanwise line, then a straight blade filament with zero blade lean angle on that line is obtained. By prescribing different values of the warp angle at the shroud and hub, a linear or nonlinear blade filament on the line can be obtained. By doing this, different blade lean patterns can be controlled at certain locations of the meridional streamlines.
The blade thickness distribution is another parameter that needs to be prescribed for the IDM. In the present paper, we focus on the blade loading distribution and the blade stacking condition since more research has been done on their influence on the turbomachinery performances. It has already Energies 2019, 12, 3210 7 of 19 been verified that the blade hydrodynamic performance can be improved directly and effectively by controlling these parameters (see Section 3 for details).
Flow Control Based on Inverse Design Method

Suppression of Secondary Flow
The secondary flows in the impeller can cause exit flow non-uniformity of the impeller, blade channel vortex, and even rotating stall, which are all bad for the hydraulic performance of the machine. It is a real challenge for conventional design to control the secondary flows in the impeller since the relationship between the geometrical design parameters and the secondary flows is not clear. However, for IDM, it is more convenient to establish the relationship between the blade loading distribution and the secondary flows. According to Zangeneh [43] , a simple kinematic equation can be derived for the development of secondary flows in an incompressible steady flow in a rotation system:
where Ω is the vorticity vector, and ω is the rotation speed vector. W · Ω is the streamwise component of vorticity, and it is defined as a secondary flow. It can be seen from Equation (19) 
where P r is called reduced static pressure, we can find the direct relation between the gradient of P r and the main causes of the secondary flows in a rotating system. Combining Equations (19) and (20), it can be found that if a gradient of the reduced static pressure in the direction of vorticity vector exists, the secondary flow will be generated there accordingly. Existing secondary flow suppression methods are based on this secondary flow theory to control the gradient of the reduced static pressure at certain positions of the flow field, and then the secondary flows can be suppressed [43] . The blade stacking condition is another important input parameter for the IDM, with blade geometry calculation based on flow-tangency condition, which can affect the spanwise gradients of the pressure coefficient between the hub and shroud. The blade lean can generate blade force, which has direct influence on the pressure distribution at both shroud and hub. For example, if the blades are leaned against the rotation direction as shown in Figure 2 , for a centrifugal pump, the generated blade force will reduce the pressure at the hub and increase the pressure at the shroud. According to Zangeneh [43] [44] [45] , a linear distribution of the wrap angle at the trailing edge, as shown in Figure 2 where the blade at the hub is leading the blade at the shroud in the rotation direction, is beneficial to secondary flow suppression for radial and mixed flow turbomachines. In order to explain the above secondary flow control theory, an example of centrifugal pump redesign is discussed here. The simulated secondary flows in the conventional impeller of the centrifugal pump are shown in Figure 3 , in which obvious secondary flows can be observed in the region from s = 0.3 to s = 0.5 (s denotes the unit meridional distance) on the suction surface In order to explain the above secondary flow control theory, an example of centrifugal pump redesign is discussed here. The simulated secondary flows in the conventional impeller of the centrifugal pump are shown in Figure 3 , in which obvious secondary flows can be observed in the region from s = 0.3 to s = 0.5 (s denotes the unit meridional distance) on the suction surface corresponding to higher gradients of the reduced static pressure. The corresponding pressure distributions of the conventional impeller are shown in Figure 4 , in which large values of ∆Cp can be found from s = 0.3 to s = 0.8, leading to strong secondary flows in the meridional channel shown in Figure 3a . According to the secondary flow control theory, the large value of ∆Cp in the region from s = 0.3 to s = 0.5 should be reduced to help reduce the large gradient of the reduced static pressure in this region. In order to do that, we can decrease ∆C BB by decreasing blade loading at the shroud and increase ∆C BB by increasing blade loading at the hub. Thus, an optimum blade loading as shown in Figure 5a is specified to redesign the conventional pump impeller, and the corresponding pressure distribution is shown in Figure 5b . Comparing the pressure distribution of the conventional impeller ( Figure 4 ) and the inverse-designed impeller (Figure 5b ), it can be found that the ∆Cp in the region from s = 0.3 to s = 0.5 is directly reduced. Based on the secondary flow control theory, we know that the secondary flows in this conventional pump impeller will be suppressed, which is confirmed by the velocity vector results of the redesigned impeller shown in Figure 6 . It should be noted that the blade stacking condition in the redesigned impeller is also optimized based on the secondary flow control theory. In order to explain the above secondary flow control theory, an example of centrifugal pump redesign is discussed here. The simulated secondary flows in the conventional impeller of the centrifugal pump are shown in Figure 3 , in which obvious secondary flows can be observed in the region from s = 0.3 to s = 0.5 (s denotes the unit meridional distance) on the suction surface corresponding to higher gradients of the reduced static pressure. The corresponding pressure distributions of the conventional impeller are shown in Figure 4 , in which large values of ∆Cp can be found from s = 0.3 to s = 0.8, leading to strong secondary flows in the meridional channel shown in Figure 3a . According to the secondary flow control theory, the large value of ∆Cp in the region from s = 0.3 to s = 0.5 should be reduced to help reduce the large gradient of the reduced static pressure in this region. In order to do that, we can decrease ∆CBB by decreasing blade loading at the shroud and increase ∆CBB by increasing blade loading at the hub. Thus, an optimum blade loading as shown in Figure 5a is specified to redesign the conventional pump impeller, and the corresponding pressure distribution is shown in Figure 5b . Comparing the pressure distribution of the conventional impeller ( Figure 4 ) and the inverse-designed impeller (Figure 5b) , it can be found that the ∆Cp in the region from s = 0.3 to s = 0.5 is directly reduced. Based on the secondary flow control theory, we know that the secondary flows in this conventional pump impeller will be suppressed, which is confirmed by the velocity vector results of the redesigned impeller shown in Figure 6 . It should be noted that the blade stacking condition in the redesigned impeller is also optimized based on the secondary flow control theory. . Calculated pressure coefficient Cp distribution on both the pressure surface and suction surface at the shroud and hub, respectively, for the conventional impeller [43] .
Energies 2019, 12, 3210 9 of 19 Figure 4 . Calculated pressure coefficient Cp distribution on both the pressure surface and suction surface at the shroud and hub, respectively, for the conventional impeller [43] . Goto et al. [10] applied above secondary flow control theory to pump design by tailoring both the blade loading distribution and blade stacking condition. The secondary flow in meridional channel is suppressed effectively, as shown in Figure 7 . By using the ideal type of stacking condition as suggested by Zangeneh [43] [44] [45] , the jet-wake flow pattern at the impeller exit is also suppressed, as shown in Figure 8 . Goto et al. [10] applied above secondary flow control theory to pump design by tailoring both the blade loading distribution and blade stacking condition. The secondary flow in meridional channel is suppressed effectively, as shown in Figure 7 . By using the ideal type of stacking condition as suggested by Zangeneh [43] [44] [45] , the jet-wake flow pattern at the impeller exit is also suppressed, as shown in Figure 8 . Goto et al. [10] applied above secondary flow control theory to pump design by tailoring both the blade loading distribution and blade stacking condition. The secondary flow in meridional channel is suppressed effectively, as shown in Figure 7 . By using the ideal type of stacking condition as suggested by Zangeneh [43] [44] [45] , the jet-wake flow pattern at the impeller exit is also suppressed, as shown in Figure 8 . The IDM can also be applied to design stationary components of the hydraulic machinery such as the pump inducer or the pump diffuser with vanes. The corner stall can be found in the diffuser designed by the conventional method, as shown in Figure 9a , which will deteriorate the general performance of the pump stage. By applying the secondary flow control approach to the design of the diffuser, the corner stall can be suppressed effectively, as shown in Figure 9b . All these applications verify the secondary flow control theory. The IDM can also be applied to design stationary components of the hydraulic machinery such as the pump inducer or the pump diffuser with vanes. The corner stall can be found in the diffuser designed by the conventional method, as shown in Figure 9a , which will deteriorate the general performance of the pump stage. By applying the secondary flow control approach to the design of the diffuser, the corner stall can be suppressed effectively, as shown in Figure 9b . All these applications verify the secondary flow control theory. For different type of hydraulic machines, both the blade loading and stacking condition should be different; it depends on the specific flow conditions. By controlling blade loading parameters and stacking conditions (blade lean) simultaneously, the secondary flows can be minimized or suppressed effectively [20, [43] [44] [45] [46] [47] .
Suppression of Cavitation
In most cases, cavitation is harmful for hydraulic machinery. It often causes cavitation erosion, noise, and serious instability problems such as pressure fluctuation and narrow operating range. Suppression of cavitation is an important target for the design of hydraulic machinery. Normally, generation of cavitation is closely related to the static pressure distributions in the flow field. However, it is difficult to control the static pressure distribution since the internal flow of the impeller is complex, especially for the conventional design based on design experience. For IDM, it is convenient to control the static pressure distribution on blade surfaces by tailoring blade loading parameters rather than the blade geometry parameters. Normally, the low-pressure region happens at the position where the pressure load is large, and it can be suppressed by shifting the blade loading maximum to a different streamwise location. By doing this, the low-pressure region on blade surfaces can be controlled directly and effectively, and therefore the cavitation can be suppressed effectively [13, 14, 22] and the suction performance can be improved [48, 49] . As mentioned above, the blade For different type of hydraulic machines, both the blade loading and stacking condition should be different; it depends on the specific flow conditions. By controlling blade loading parameters and stacking conditions (blade lean) simultaneously, the secondary flows can be minimized or suppressed effectively [20, [43] [44] [45] [46] [47] .
In most cases, cavitation is harmful for hydraulic machinery. It often causes cavitation erosion, noise, and serious instability problems such as pressure fluctuation and narrow operating range. Suppression of cavitation is an important target for the design of hydraulic machinery. Normally, generation of cavitation is closely related to the static pressure distributions in the flow field. However, it is difficult to control the static pressure distribution since the internal flow of the impeller is complex, especially for the conventional design based on design experience. For IDM, it is convenient to control the static pressure distribution on blade surfaces by tailoring blade loading parameters rather than the blade geometry parameters. Normally, the low-pressure region happens at the position where the pressure load is large, and it can be suppressed by shifting the blade loading maximum to a different streamwise location. By doing this, the low-pressure region on blade surfaces can be controlled directly and effectively, and therefore the cavitation can be suppressed effectively [13, 14, 22] and the suction performance can be improved [48, 49] . As mentioned above, the blade stacking condition (blade lean) can also have an influence on the static pressure distribution at specific positions of the impeller, and it can also be used to suppress cavitation [13, 14, 48] . Figures 10 and 11 show an example of cavitation suppression in a Francis turbine by controlling blade loading and blade stacking conditions. As shown in Figure 10 , by using different stacking conditions, cavitation performance of the turbine is different, and an optimal stacking condition exists. By carefully tailoring the blade loading distribution, the cavitation performance can be improved effectively, as shown in Figure 11 . The area of a large volume fraction of the water vapor is reduced significantly by controlling the blade loading distribution as shown in Figure 11a .
In most cases, cavitation is harmful for hydraulic machinery. It often causes cavitation erosion, noise, and serious instability problems such as pressure fluctuation and narrow operating range. Suppression of cavitation is an important target for the design of hydraulic machinery. Normally, generation of cavitation is closely related to the static pressure distributions in the flow field. However, it is difficult to control the static pressure distribution since the internal flow of the impeller is complex, especially for the conventional design based on design experience. For IDM, it is convenient to control the static pressure distribution on blade surfaces by tailoring blade loading parameters rather than the blade geometry parameters. Normally, the low-pressure region happens at the position where the pressure load is large, and it can be suppressed by shifting the blade loading maximum to a different streamwise location. By doing this, the low-pressure region on blade surfaces can be controlled directly and effectively, and therefore the cavitation can be suppressed effectively [13, 14, 22] and the suction performance can be improved [48, 49] . As mentioned above, the blade stacking condition (blade lean) can also have an influence on the static pressure distribution at specific positions of the impeller, and it can also be used to suppress cavitation [13, 14, 48] . Figure 10 and 11 show an example of cavitation suppression in a Francis turbine by controlling blade loading and blade stacking conditions. As shown in Figure 10 , by using different stacking conditions, cavitation performance of the turbine is different, and an optimal stacking condition exists. By carefully tailoring the blade loading distribution, the cavitation performance can be improved effectively, as shown in Figure 11 . The area of a large volume fraction of the water vapor is reduced significantly by controlling the blade loading distribution as shown in Figure 11a . The pressure distribution is strongly affected by even a very thin cavitation formation. Thus, there are issues related to the lack of a physical model of cavitation. This will be a serious problem when we attempt to create more detailed controls of cavitation-related phenomena by the inverse design method. Ashihara et al. [21] and Ashihara and Goto [22] , however, have successfully applied IDM to control abnormal phenomena of rotating cavitations in turbopump inducers. They applied both the conventional method and the inverse method to design the pump inducer. Then, they tested the designed inducer for cavitation performance, and the inverse-designed inducer showed better cavitation performance, as shown in Figure 12 . It is interesting that the physics have not been considered in their inverse design theory, but such abnormal phenomena can still be controllable by carefully tailoring the blade loading distribution. The pressure distribution is strongly affected by even a very thin cavitation formation. Thus, there are issues related to the lack of a physical model of cavitation. This will be a serious problem when we attempt to create more detailed controls of cavitation-related phenomena by the inverse design method. Ashihara et al. [21] and Ashihara and Goto [22] , however, have successfully applied IDM to control abnormal phenomena of rotating cavitations in turbopump inducers. They applied both the conventional method and the inverse method to design the pump inducer. Then, they tested the designed inducer for cavitation performance, and the inverse-designed inducer showed better cavitation performance, as shown in Figure 12 . It is interesting that the physics have not been considered in their inverse design theory, but such abnormal phenomena can still be controllable by carefully tailoring the blade loading distribution. 
Application of the Inverse Design Method to Optimization
Inverse design methods are often based on simplified flow equations such as potential flow theory or Euler equations [50] for efficient and robust calculations. The result will be different from the one obtained by solving Navier-Stokes equations, and the performance of the design outcome cannot be guaranteed. It is known that the flow in turbomachinery is completely turbulent, and flow calculation simplification (i.e., taking no account of viscosity) is always risky. Thus, the threedimensional turbulence simulation technique based on the Navier-Stokes equation is usually applied to evaluate the performance of the design outcome and study the design know-how [13, 48] . Therefore, in practical design applications, the inverse design method is often coupled with CFD tools (i.e., three-dimensional turbulence simulation technique) to optimize the hydrodynamic performance of the hydraulic machinery [51] [52] [53] [54] . 
Inverse design methods are often based on simplified flow equations such as potential flow theory or Euler equations [50] for efficient and robust calculations. The result will be different from the one obtained by solving Navier-Stokes equations, and the performance of the design outcome cannot be guaranteed. It is known that the flow in turbomachinery is completely turbulent, and flow calculation simplification (i.e., taking no account of viscosity) is always risky. Thus, the three-dimensional turbulence simulation technique based on the Navier-Stokes equation is usually applied to evaluate the performance of the design outcome and study the design know-how [13, 48] . Therefore, in practical design applications, the inverse design method is often coupled with CFD tools (i.e., three-dimensional turbulence simulation technique) to optimize the hydrodynamic performance of the hydraulic machinery [51] [52] [53] [54] .
Design of hydraulic machinery is a multi-objective job, and multi-objective design approaches are necessary in order to find a compromise between sometimes conflicting objectives [55] [56] [57] [58] . Normally, modern optimization work of hydraulic machinery can be divided into four steps. The first step is the parameterization design in which the turbomachinery is represented by a set of design parameters. The second step is the design process in which the turbomachinery is designed based on different sets of design parameters. The third step is the performance prediction based on CFD in which the performances of different designed machines are evaluated. Finally, a mathematical optimization algorithm is conducted to find the final optimum design. A typical multi-objective optimization process based on the inverse design method, CFD calculations, response surface methodology, and multi-objective genetic algorithm [56] is shown in Figure 13 . Design of hydraulic machinery is a multi-objective job, and multi-objective design approaches are necessary in order to find a compromise between sometimes conflicting objectives [55] [56] [57] [58] . Normally, modern optimization work of hydraulic machinery can be divided into four steps. The first step is the parameterization design in which the turbomachinery is represented by a set of design parameters. The second step is the design process in which the turbomachinery is designed based on different sets of design parameters. The third step is the performance prediction based on CFD in which the performances of different designed machines are evaluated. Finally, a mathematical optimization algorithm is conducted to find the final optimum design. A typical multi-objective optimization process based on the inverse design method, CFD calculations, response surface methodology, and multi-objective genetic algorithm [56] is shown in Figure 13 . Figure 13 . A typical multi-objective optimization process based on the inverse design method [56] .
Meridional shape determination
Blade parameterization based on an inverse design method and the parameter variation range Figure 13 . A typical multi-objective optimization process based on the inverse design method [56] .
An optimization system based on IDM shows better performance than one based on the conventional design method, especially in terms of optimization time cost. Compared with the conventional design method, which mainly deals with geometrical parameters, fluid dynamic parameters such as pressure or blade loading are considered as the design parameters in the IDM. The fluid dynamic parameters show more direct influence on the hydraulic performance than the geometrical parameters, and it is more convenient to establish a relationship between fluid dynamic design parameters and hydrodynamic performance, which is favorable to the application of a surrogate model, such as the response surface model [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] , in the inverse optimization design. At the same time, fewer numbers of fluid dynamic parameters are needed to represent the blade geometry compared to the geometrical parameters, and it is beneficial for the multi-objective optimization design of the hydraulic machinery. As a result, the IDM, three-dimensional turbulence simulation technique, and optimization algorithm are usually combined to solve the multi-objective optimization problem of the turbomachinery (as summarized in Table 1 ), and the design quality can be improved significantly [55] [56] [57] [58] 60, [66] [67] [68] . Table 1 . Applications of the inverse-design based optimization method to different types of turbomachinery. IDM-inverse design method, DoE-design of experiment, CFD-computational fluid dynamics, PSA-parameter sensitivity analysis, MOGA-multi-objective genetic algorithm, NSGA-non-dominated sorting genetic algorithm, RSM-response surface methodology, SLP-sequential linear programming, EP-exterior penalty, SA-simulated annealing, GA-genetic algorithm, RBNN-radial basis neural network, RBF-radial basis function, FEA-finite element analysis, AM-adjoint method.
Target Design Parameters Optimization Objectives Optimization Algorithm
Improvement of Performance References
Pump inducer As seen in Table 1 , the inverse-design-based optimization methods have been applied successfully to different types of turbomachinery such as pumps, turbines, pump-turbines, compressors, and fans. The main design parameter is blade loading, and the number of the parameters is less than 10 in most cases. Fewer design parameters and the application of surrogate models, such as the response surface model, make the inverse-design-based optimization robust and efficient and more suitable for multi-objective optimization, even for multidiscipline optimization, which can be realized only by inducing the finite element analysis for structural performance calculation [59, 65] . The inverse-design-based optimization not gives not only the optimal design of the turbomachinery but also an insight on the design know-how of different designed machines, which is helpful for the designer to further understand the performance of the design target with complex geometry and structure.
Conclusions
In this paper, the three-dimensional IDM based on potential flow theory and flow tangential condition for hydraulic machinery is reviewed. Compared with conventional design, which depends on design experience, the IDM reduces the impact of the design experience significantly by setting fluid dynamic parameters such as blade loading as input parameters. Due to the advantages of the IDM, it is usually coupled with turbulence simulation techniques and mathematical optimization algorithms to optimize the hydrodynamic performance of the machine. Optimization based on the IDM show obvious advantages in both time-cost and generality compared to the one based on conventional design method, since the main input parameter of IDM is the fluid dynamic parameter rather than the geometrical parameter prescribed. By controlling both the blade loading parameters and the blade stacking condition, the flow patterns such as secondary flow and cavitation can be suppressed effectively.
In conclusion, the future prospective of the IDM can be summarized as follows:
(1) Higher flow calculation accuracy with acceptable time-cost and reasonable convergence. For the IDM itself, improvement of flow calculation accuracy is its eternal pursuit. At the same time, high flow calculation accuracy leads to more time-cost and convergence problems that must be considered and solved in the actual applications.
(2) Specific design know-how and flow control approach for different hydraulic machinery based on the IDM. In contrast to conventional design methods, the main design parameters in the IDM are fluid dynamic parameters such as pressure and blade loading, which has more direct influence on the hydrodynamic performance of the machine. These fluid dynamic design parameters determine the quality of the design outcome directly. The internal flow in hydraulic machinery can be controlled effectively by carefully tailoring these parameters, and by doing this, the hydrodynamic performance can be improved. Therefore, another prospective of the IDM is to study the specific design know-how and flow control approach for different hydraulic machinery based on these fluid dynamic design parameters.
(3) Implant of the existing design experience into the IDM. Design experience plays an important role in the conventional design of hydraulic machinery. Many useful design experiences have been accumulated during decades of development of the design practice for hydraulic machinery. Most of these design experiences do not come from the inverse design practice; however, it is helpful to embed these useful design experiences into the IDM to improve the design quality. 
